INTRODUCTION
Human erythrocytes infected with the mature (trophozoite) form of the malaria parasite, Plasmodium falciparum, show increased permeability to a wide variety of small solutes including polyols, amino acids, nucleosides and organic and inorganic ions (reviewed in [1] [2] [3] [4] [5] [6] [7] [8] ). The available data are consistent with the view that much of the malaria-induced solute transport is via pathways of a single type, which take the form of anion-selective pores or channels [3, 9] , similar in at least some respects to anionselective channels in other cell types [10,1 1] .
The malaria-induced permeation pathways have been suggested to serve a number of roles in the parasitized cell. The normal erythrocyte membrane has limited transport capacity for many of the metabolic and biosynthetic substrates used by the intracellular parasite, and it has been postulated that the new pathways ensure that growth and maturation of the parasite is not rate-limited by the supply of nutrients from the surrounding medium [9, [12] [13] [14] . The pathways might also be important in mediating the rapid efflux from the infected cell of potentially hazardous products ofparasite metabolism. It has been estimated that the rate of production of lactic acid exceeds the lactate transport capacity of the normal erythrocyte [15, 16] and that if the parasite is to avoid a build-up of acid it must provide an additional route for the efflux of lactate from the host cell. Similarly, the digestion of haemoglobin by the parasite generates large quantities of free amino acids which, if allowed to accumulate in the host cell, would cause osmotic swelling, leading eventually to haemolysis [1, 17] . The induced pathways, by providing a route for the efflux of amino acids, might therefore play a role in host cell volume homoeostasis. transport of cations, anions and non-electrolytes into parasitized cells is via broad-specificity, anion-selective pathways of a single type. A comparison of the effects of the arylaminobenzoates on malaria-induced transport with their effects on a number of representative anion transport systems in normal mammalian cells suggests that it is possible to identify pharmacological agents that block the malaria-induced pathway while not significantly affecting important transport mechanisms in host tissues. The most potent of the induced-transport inhibitors identified were shown to inhibit [3H]hypoxanthine incorporation in in vitro parasite growth assays. These data support the view that the induced-transport pathway may be a viable pharmacological target.
If the induced-transport pathways in malaria-infected erythrocytes do play a role in the growth and development of the intracellular parasite, they may be a viable chemotherapeutic target. There is some evidence in support of this view. A number of structurally unrelated reagents that block malaria-induced transport have been shown to inhibit the growth of P. falciparum in vitro. These include a number of anion transport inhibitors [18] , phloridzin and a series of phloridzin derivatives [19, 20] , several cinnamic acid derivatives [21] , the sulphonyl urea, glibenclamide, and the related compound meglitinide [10] . These data are consistent with an important role for induced solute transport in the parasitized cell. However, the anti-malarial activity of these compounds cannot be attributed unequivocally to their effects on induced transport and, for some at least, there is evidence that in addition to blocking induced solute transport they interact with intracellular targets [20] . In any case, irrespective of their mode of action, the concentrations of these compounds required to inhibit induced transport and to exert anti-malarial activity exceed those at which they block important channels and transporters in host tissues, thus precluding their use as anti-malarials in vivo.
The most potent inhibitor of malaria-induced transport reported to date is 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) [11] . This compound blocks anion-selective channels as well as other anion transport mechanisms in a variety of animal cells and is one of a large series of arylaminobenzoates that were tested originally for their effects on chloride channels in rabbit kidney [22, 23] . In the present study we have investigated the effects of a number of other members of this series on the transport into malaria-infected cells of three structurally unrelated solutes: choline (a univalent cation), thymidine (an Abbreviations used: DIDS, 4,4'-di-isothiocyanatostilbene-2,2'-disulphonic acid; MENB, 2-[2-(4-methoxyphenyl)ethylamino]-5-nitrobenzoic acid; NBMPR, nitrobenzylthioinosine; NDPB, 5-nitro-2-(3,3-diphenylpropylamino)benzoic acid; NPBB, 5-nitro-2-(4-phenylbutylamino)benzoic acid; NPPB, 5-nitro-2-(3-phenylpropylamino)benzoic acid; PCMBS, p-chloromercuribenzenesulphonic acid.
* To whom correspondence should be addressed. falciparum [24] were cultured under 1 % 029 3 % CO2 and 96 % N2 in RPMI 1640 culture medium (Gibco, Glasgow, U.K.) supplemented with Hepes (40 mM), glucose (10 mM), glutamine (2 mM), gentamicin sulphate (25 mg/l) and serum [8.5 % (v/v), pooled from different blood donors; Blood Transfusion Service, Bristol, U.K.]. All experiments were carried out using synchronized suspensions of trophozoite-infected cells (approx. 35 h post-invasion; 20(95 % parasitaemia), prepared using a combination of sorbitol haemolysis [25] and gelatin flotation [26] as described elsewhere [27] .
In experiments comparing uninfected cells with malariainfected material, erythrocytes (from the same donor) were incubated in parallel with the infected red cell cultures under identical conditions for at least 24 Figure 7 only). The experiments carried out in saline were done under nominally 'zero-trans' conditions, although the presence of glucose in the medium will have presumably resulted in a Influx measurements were made under conditions that minimized transport via the normal host erythrocyte transport systems. In choline influx experiments the use of an extracellular choline concentration of 1 mM ensured that the endogenous erythrocyte choline carrier (which has a Km of around 10 M) was fully saturated and therefore contributed little to choline uptake [11] . Thymidine influx via the saturable erythrocyte nucleoside transporter was minimized by the use of 1 mM thymidine together with NBMPR (at either 1 or 20 ,uM), a potent inhibitor of the endogenous system [28] . Lactate influx into malaria-infected cells was measured at an extracellular concentration of 1 mM in cells pretreated with 10-20 ,tM DIDS to inhibit transport via the erythrocyte band 3 anion exchanger and 0.1 mM PCMBS to block the normal erythrocyte lactate transporter [16] . PCMBS at 0.1 mM had no effect on malaria-induced choline transport. DIDS and NBMPR both caused some inhibition of induced transport; in the paired choline/thymidine/ lactate flux experiments in which both DIDS and NBMPR were present (represented in Figures 2 and 3 ), these agents were therefore used at the relatively low concentrations of 10 and 1 1sM respectively.
In preliminary experiments, choline influx into malariainfected erythrocytes was found to be linear with time for > 15 min. Throughout this study unidirectional choline influx rates into both infected and uninfected cells were therefore estimated from the uptake of [14C]choline over a 10-15 min incubation period. For all choline experiments other than those giving rise to Figures 2 and 3 , fluxes commenced with the addition of ['4C]choline, together with unlabelled substrate, to a microcentrifuge tube containing cells (with or without the inhibitors of interest). The final sample volume was 0.5 ml and the final cell concentration was typically 2 x 108 cells/ml. Influx was terminated at the appropriate time by transferring aliquots (0.11 ml) of the suspension to microcentrifuge tubes containing 0.8 ml of an ice-cold stopping solution (Hepes-buffered saline containing 1 mM furosemide [11] ) layered over 0.25 ml of dibutylphthalate. The tubes were centrifuged immediately (10000 g; 20 s) to sediment the cells below the oil.
The induced transport of thymidine and lactate into malariainfected erythrocytes is several orders of magnitude faster than that ofcholine [11] . Influx rates for these substrates were therefore measured using an alternative approach. In time-course experiments (as represented in Figure 1 ) a series of6-10 microcentrifuge tubes was prepared, each tube containing 0.15 ml of saline (with radiolabelled substrate, unlabelled substrate and, where appropriate, transport inhibitors) layered over 0.2 ml of dibutylphthalate. The tubes were arranged in a microcentrifuge then, at predetermined intervals, an aliquot of cell suspension was dispensed into each tube in turn, giving a final cell concentration of approx. 2 x 108 cells/ml. Immediately following the addition of cells to the final tube in the series the samples were centrifuged (I0000g, 20 s) to terminate the flux. The time taken between starting the centrifuge and termination of the flux was estimated as 2 s (by extrapolation of data from short time-course experiments).
In later experiments, rates of influx of thymidine and lactate into infected cells were estimated from the amount of It was found in preliminary experiments that exposure of aqueous solutions of the arylaminobenzoates to a layer of dibutylphthalate led to a time-dependent loss of inhibitory activity from the solution, presumably as a result of these hydrophobic compounds being adsorbed into the oil phase. In all significant intracellular lactate concentration.
experiments in which fluxes were carried out using cell suspensions layered over oil, the arylaminobenzoates of interest were therefore added, where required, immediately (5-10 s) prior to beginning the flux by the addition of an aliquot of cells.
In one series of experiments (giving rise to Figures 2 and 3) a quantitative comparison was made of the effects of inhibitors on the transport into infected cells of choline, thymidine and lactate. In view of the effects of the dibutylphthalate layer (used by necessity in the fast thymidine and lactate influx experiments) on the efficacy of the inhibitors, it was necessary to devise a choline influx protocol in which the cell suspension (in the presence or absence of inhibitors) was exposed to a layer of dibutylphthalate for a similar length of time as in the thymidine and lactate experiments. In these experiments choline fluxes were initiated by the addition of an aliquot of cells (0.15 ml) to a saline solution (0.15 ml) containing [14C]choline, unlabelled choline and, where appropriate, arylaminobenzoates (added 5-10 s before the cells), layered over 0.2 ml of dibutylphthalate. After 5 s, 0.2 ml of the suspension was transferred to a second microcentrifuge tube (not containing dibutylphthalate) in which influx was allowed to continue for a further 10-15 min. The flux was terminated by the transfer of 0.15 ml of the suspension to a third tube containing 0.2 ml ofdibutylphthalate, followed by centrifugation to separate the cells from the extracellular solution.
In all experiments, following sedimentation of the cells below the oil, the aqueous supernatant solution was removed by aspiration and the radioactivity remaining on the walls of the tube was removed by rinsing the tubes four times with water. The dibutylphthalate was aspirated and then the cell pellet was lysed with 0.1 % (v/v) Triton X-100 (0.5 ml) and deproteinized by the addition of 5 % (w/v) trichloroacetic acid (0.5 ml), followed by centrifugation (10000 g, O min). Radioactivity was measured using a fl-scintillation counter.
In the rapid (thymidine and lactate) influx experiments the amount of radiolabel trapped in the extracellular space within the cell pellets was estimated either using (14C] [11] . Similar results were obtained using the two different methods. In the slower choline influx experiments, in which choline uptake was monitored over a 10-15 min period, the extracellular space in the cell pellets was estimated from [14C]choline in pellets derived from aliquots of the flux suspension sampled (into microcentrifuge tubes containing 0.8 ml of ice-cold stopping solution layered over 0. The four most potent inhibitors of malaria-induced choline transport, i.e. NPPB, 5-nitro-2-(4-phenylbutylamino)benzoic acid (NPBB), 2-[2-(4-methoxyphenyl)ethylamino]-5-nitrobenzoic acid (MENB) and 5-nitro-2-(3,3-diphenylpropylamino)-benzoic acid (NDPB), were tested for their effects on the malariainduced transport of two structurally unrelated solutes: thymidine, an electroneutral and non-metabolized pyrimidine nucleoside, and lactate, a univalent anion. to inhibit the endogenous erythrocyte nucleoside transporter [28] . Under the conditions of the experiment, thymidine influx into malaria-infected erythrocytes (corrected to 100% parasitaemia) was 13.5 + 2.0 mmol/h per 1012 erythrocytes (n = 9), compared with a value of 0.32 + 0.05 mmol/h per 1012 erythrocytes (n = 9) in uninfected erythrocytes. The four inhibitors (at 1 #uM) substantially reduced the initial influx rate.
Corresponding lactate influx time courses are shown in Figure   1 (b). In samples pretreated with DIDS (10 ,M) and PCMBS (0.1 mM) to inhibit the erythrocyte anion exchanger and the endogenous lactate transporter respectively [16] , the rate of lactate influx into uninfected cells was 0.087 + 0.009 mmol/h per 1012 erythrocytes (n = 9). By contrast, lactate transport into malaria-infected erythrocytes was extremely rapid; the average initial influx rate (corrected to 100% parasitaemia) was 15.4+1.0 mmol/h per 1012 erythrocytes (n = 9). As in the thymidine experiments, lactate influx into infected cells was slowed by all four of the arylaminobenzoates tested. Figure 2 shows dose-response curves for the effects of NPPB, NPBB, MENB and NDPB on the transport of choline, thymidine and lactate into P. falciparum-infected erythrocytes. For each inhibitor the dose-response curves for the three different substrates were very similar. The IC60 values for the curves shown in Figure 2 are a little higher than those reported in Table 1 . This is a result of the methodological differences outlined in the Materials and methods section. In the paired experiments giving rise to Figure 2 , but not in the experiments from which the data of The arylaminobenzoates tested here inhibit chloride channels in mammalian cells with varying degrees of potency [22, 23] . Figure  4 compares the effects of these compounds on malaria-induced transport with those on chloride channels in rabbit kidney; the 3 IC50 values for their effects on malaria-induced choline influx (from Table 1 ) are plotted against those for inhibition of anion conductance in the basolateral membrane of the thick ascending 2 limb of the loop of Henle (measured by Wangemann et al. [22] ).
NPPB was a potent inhibitor of both systems. NPBB, MENB pathway with an IC50 (0.26 ,uM) more than 350-fold lower than that for its inhibition of the mammalian epithelial anion channels.
In addition to inhibiting aniion channels in mammalian cells, NPPB is an effective inhibitor of anion exchangers (homologues of the erythrocyte band 3 protein) in a number of tissues [23] and of the lactate transporter of normal erythrocytes [31] . Figure 5 compares the effects of a number of the arylaminobenzoates on the malaria-induced pathway with their effects on both the band 3 anion exchanger and the lactate transporter of normal human erythrocytes. At a concentration of 10m,uM, NPPB, NPBB and MENB blocked both the malaria-induced pathway and band 3-mediated SO42-effiux. NPPB and MENB (10 oM) both caused slight inhibition of the lactate transporter, whereas NPBB did not. In the case of the diphenyl derivative, NDPB, a 10,uM concentration blocked the malaria-induced pathway while having no significant effect on either band 3-mediated anion exchange or the lactate transporter.
The inhibitors were each present at a concentration of 10 1aM. Induced choline influx is expressed as a percentage of that measured in the absence of inhibitor in RPMI, RPMI supplemented with 8.5% (v/v) serum or RPMI supplemented with 5 mg/ml albumin. The control and serum data are averaged from 4 experiments and the albumin data from 2 experiments, each on cells from a different donor.
As well as testing the four most potent inhibitors of malaria-induced transport on SO42-efflux from normal (uninfected) erythrocytes, we tested the effects ofthe enantiomeric pair, compounds 150 and 151. Their relative effects on band 3-mediated SO42-efflux from normal cells were found to be the reverse of those on the malaria-induced pathway. Compound 151, the S-enantiomer, was a more potent inhibitor of SO42-efflux than compound 150, the R-enantiomer, whereas the converse was true for their relative effects on malaria-induced choline transport ( Figure 5 ).
Effects of arylaminobenzoates on parasite growth
The four most potent inhibitors of induced transport in malariainfected cells were tested for their effects on parasite growth using a [3H]hypoxanthine incorporation assay [30] . In preliminary experiments in which parasites were cultured in medium containing 8.5 % (v/v) serum, the inhibitors were found to have little effect at concentrations up to 50 ,M. However, when the serum concentration was reduced to 2 suggests that serum components interfered with the interaction of these compounds with the infected cells. This is borne out by the data in Figure 7 which show that inhibition of malaria-induced choline transport by NPPB, NPBB, MENB and NDPB was decreased markedly by the presence of 8. (Table 1 ), indicates that their ability to inhibit malaria-induced transport increases with the length and lipophilicity of the hydrophobic tail. This is consistent with the induced pathway having {like anion channels elsewhere (e.g. [32] )} hydrophobic components and with the observation that the pathway shows {again, like channels elsewhere (e.g. [32, 33] )} a higher permeability to hydrophobic solutes than to hydrophilic solutes of similar size [9, 11] .
The increased permeability of malaria-infected erythrocytes has been suggested to serve a number of important roles in the growth and development ofthe intracellular parasite, functioning as a nutrient supply route and/or as a route for waste disposal [9, 12] . The inhibitors characterized in the present study are the most potent so far identified of malaria-induced solute transport, and the question therefore arises as to whether compounds of this sort might be of value as anti-malarial agents. For any such compound to be of practical use it should block the malariainduced pathway while not significantly affecting transport pathways in host tissues. The arylaminobenzoates are known to inhibit a number of different mammalian anion transport pathways with varying degrees of potency [23] Among the 16 inhibitors tested were two pairs of enantiomers (compounds 150 and 151, and compounds 152 and 153). For both pairs the R-enantiomer (compounds 150 and 152) was a more potent inhibitor of malaria-induced solute transport than the corresponding S-enantiomer (compounds 151 and 153). This apparent stereospecificity in the interaction of these inhibitors with the induced-transport pathway would suggest the involvement of protein components in the pathway. It is similar to (though not as pronounced as) that seen for the anion channel in rabbit kidney which was, for both pairs, blocked much more effectively by the R-enantiomer than by the S-enantiomer [22] . However, this is opposite to what is seen for band 3, which was inhibited more effectively by the S-enantiomer, compound 151, than by the R-enantiomer, compound 150 ( Figure 5 ). This argues against the induced transport being mediated by a modified form of the band 3 protein and reinforces the point that it is possible to identify compounds that block induced transport while allowing the operation of mammalian anion exchange mechanisms.
In in vitro parasite growth assays carried out in the presence of low concentrations of serum, the four most potent transport blockers inhibited [3H]hypoxanthine incorporation. When the serum concentration was increased the efficacy of the inhibitors decreased, suggesting that serum factors interfered with the interaction of the transport inhibitors with the infected cells. This was confirmed in transport experiments in which it was found that the inhibition of induced choline transport by 10 4uM NPPB, NPBB, MENB and NDPB was attenuated in the presence of serum and of the serum component, albumin. Significantly, the diphenyl derivative, NDPB, while not the most potent transport inhibitor in parasitized cells suspended in saline, was the most potent inhibitor of parasite growth ( Figure 6 ) and the most potent inhibitor of transport in the presence of serum ( Figure 7) . This, together with the observations that it did not inhibit band 3 or the lactate transporter ( Figure 5 ) and that it is a relatively poor inhibitor of Cl-channels in the kidney ( Figure  4 ), suggests that NDPB may be a useful lead compound in the search for an induced-transport inhibitor of chemotherapeutic value.
Although the finding that the inhibitors identified in this study impede parasite growth is consistent with the induced-transport pathway playing an important role in the development of the intracellular parasite, the anti-malarial activity of these compounds cannot be attributed unequivocally to their effects on induced transport. We cannot exclude the possibility that they have alternative targets within the infected cell. Furthermore, although our results indicate that it is possible to identify compounds that block the induced pathway while not significantly affecting endogenous host anion transport mechanisms, it must be recognized that at high concentrations some of these compounds interfere with metabolic processes in mammalian cells [23] . One approach that might circumvent problems arising from the intracellular toxicity of these reagents is to conjugate them to a hydrophilic moiety, thus allowing them to exert their transport-inhibitory effects at the infected cell surface while not entering normal host cells. It has been shown previously that impermeant macromolecular conjugates of NPPB and a number of other arylaminobenzoates are effective inhibitors of C1-channels in cultured epithelial cells [34] and of the erythrocyte anion exchanger [35] . Whether they block the malaria-induced transport pathway (and thereby inhibit the growth of the the kidney (Figure 4 ) and, furthermore, had no effect on band 3 intracellular parasite) remains to be tested.
In summary, we have tested a series of arylaminobenzoates for their effects on the induced transport of three chemically unrelated solutes into malaria-infected erythrocytes and have identified, among these, the most potent inhibitors so far described ofmalaria-induced transport. The data provide further support for the view that much of the induced transport of diverse substrates into P. falciparum-infected erythrocytes is via pathways of a single type. A comparison of the effects of these inhibitors on malaria-induced transport with their effects on anion channels in rabbit kidney and on the anion exchanger and lactate transporter of normal human erythrocytes showed that the induced-transport pathway interacts with a wider range of inhibitors than these other anion transport mechanisms, and that it is therefore possible to identify compounds that block the malaria-induced pathway while not affecting at least some important transport mechanisms in normal mammalian tissues. Such compounds do exhibit anti-malarial activity in vitro. However, their effects on induced transport and on parasite growth are attenuated by serum, at least partly as a result of their being bound by serum proteins such as albumin. If inducedtransport inhibitors of this type are to be of value as antimalarial agents it will therefore be necessary to dissociate the interaction of the inhibitors with the induced-transport pathway from their binding to serum components.
